A detailed mechanism of the nanoripple pattern formation on Si substrates generated by the simultaneous incorporation of pure Fe impurities at low energy (1 keV) ion beam erosion has been studied. To understand and clarify the mechanism of the pattern formation, a comparative analysis of the samples prepared for various ion fluence values using two complimentary methods for nanostructure analysis, atomic force microscopy, and grazing incidence small angle x-ray scattering has been done. We observed that phase separation of the metal silicide formed during the erosion does not precede the ripple formation. It rather concurrently develops along with the ripple structure. Our work is able to differentiate among various models existing in the literature and provides an insight into the mechanism of pattern formation under ion beam erosion with impurity incorporation. V C 2015 AIP Publishing LLC.[http://dx
Investigation of the mechanism of impurity assisted nanoripple formation on Si induced by low energy ion beam erosion Sarathlal Koyiloth Vayalil, 1,2,a) Ajay Gupta, 3 Stephan V. Roth, 1 and V. Ganesan A detailed mechanism of the nanoripple pattern formation on Si substrates generated by the simultaneous incorporation of pure Fe impurities at low energy (1 keV) ion beam erosion has been studied. To understand and clarify the mechanism of the pattern formation, a comparative analysis of the samples prepared for various ion fluence values using two complimentary methods for nanostructure analysis, atomic force microscopy, and grazing incidence small angle x-ray scattering has been done. We observed that phase separation of the metal silicide formed during the erosion does not precede the ripple formation. It rather concurrently develops along with the ripple structure. Our work is able to differentiate among various models existing in the literature and provides an insight into the mechanism of pattern formation under ion beam erosion with impurity incorporation. Recently, there has been a huge interest in the studies of nanostructure formation on semiconductors via low energy ion beam irradiation. [1] [2] [3] [4] [5] [6] [7] [8] It is found to be an efficient technique to grow nanostructures in a single step over a large area. These nanostructured surfaces are found to be useful to act as a template to grow thin films and multilayers to tailor functional properties in controlled manner. [9] [10] [11] [12] [13] [14] [15] [16] [17] In general, ripple like structures are found to be formed, when a flat surface of any elemental solid is bombarded with ions at oblique angle of incidence. Bradley and Harper have given the first satisfactory theoretical explanation by considering the competition between surface instability caused by the curvature dependent sputtering and surface relaxation mechanism, so called B-H model. 18 Following that, many refined theoretical models have been derived to predict experimentally observed features during the formation of regular patterns. [19] [20] [21] [22] [23] Ripple formation during oblique angle irradiation on technologically important Si surfaces has begun in large magnitude by the studies of Carter and Vishnyakov. 24, 25 Furthermore, nanodot formation study by Gago et al. 26 on Si surfaces under normal incidence has generated a new view on pattern formation at the nano scale. Ozaydin et al. 27 observed that the surface remains flat at normal incidence ion bombardment under ultra-high vaccum condition which was contradicting the observation of Gago et al. 26 These observations strongly suggest that the nanopattern observed in earlier experimental reports on Si surface was due to the unintentionally deposited impurities. Madi et al. 28 demonstrated a phase diagram which shows no pattern formation at the normal incidence. The study of formation of disordered arrays of nanodots during the normal incidence ion beam sputtering with the addition of a trace amount of Molybdenum by Ozaydin et al. 29 led to a wealth of experimental and theoretical developments on the importance of impurities during ion beam sputtering on nanopattern formation.
Macko et al. 30 studied the off-normal incidence ion sputtering of Si with Fe co-deposition. Hofs€ ass et al. reported that simultaneous incorporation of different metal ions, such as Au, Ag, and Pt "surfactants" during ion beam sputtering leads to novel surface nanopatterns on Si surfaces. 31 A transition from hole to dot patterns on Si by tuning the amount of metal incorporation during ion sputtering at normal incidence has been observed by S anchez-Garc ıa et al. 32 There are some theoretical models for the observed ion beam induced patterns due to the simultaneous deposition of impurities or in binary compounds. Recently, Shenoy et al. 33 proposed a model to describe sputtering of alloy surfaces, which describes the evolution of both surface height and composition. Bradley and Shipman 34 reconsidered the B-H model for binary compounds and for concurrent deposition of impurities during sputtering. The importance of coupling between surface height and composition in the nanodot pattern formation has been described. Zhang et al. 35 did a detailed study of surfactant driven nanopattern formation on Si substrate in which the Si substrate was eroded with energetic Xenon ions in the presence of a constant flux of Fe atoms acting as a surfactant. Zhang et al. proposed that curvature dependent sputtering does not play any role in nanopattern formation rather an uneven sputtering of the surface is a result of different sputtering rates of pure Si and Fe silicide. 35 Recently, the effect of bonding strength of metal silicide formation on the pattern formation has been studied in detail. 36 Zhou et al. developed a continuum model to describe the pattern formation at normal incidence with the incorporation of Fe. 37 In which surface stress induced instability competes with the surface relaxation mechanism leading to the observed pattern formation. According to Shenoy et al. 33 and Bradley et al., 34 decomposition or phase separation occurs simultaneously with changes in the surface topography because of the anisotropy in the sputtering rate and the surface diffusivity of the two components. The spontaneously modulated composition can be in-phase or out of-phase with the rippled topography depending upon the erosion parameter. 33 The degree of such kinetic decomposition can be varied by tuning the flux of the ion beam. 33 A detailed understanding of the atomic level mechanism for nanopattern formation is needed in order to have a better control on the structure of the nanopatterns and to tailor them according to the requirement. In order to differentiate between theoretical models, a study of the evolution of morphology and composition inhomogeneity as a function of ion fluence using advanced characterization techniques is needed. Recently, grazing incidence small angle x-ray scattering (GISAXS) has been used widely to explore in-situ and ex-situ as an ideal tool for the study of morphological changes during the evolution of surface patterns. 27, [38] [39] [40] In this work, a comparative analysis of surface evolution with ion fluence using atomic force microscopy (AFM) and GISAXS has been done on Fe assisted ion irradiated samples to provide an insight in to the mechanism at the initial stages of pattern formation.
II. EXPERIMENTAL DETAILS
In our study, single-crystalline Si (100) substrates of size 10 Â 10 mm 2 with measured root mean square surface roughness r ¼ 0.4 nm have been used. The substrates were cleaned in an ultrasonic bath with water and acetone sequentially. The irradiation has been performed in a high vacuum chamber equipped with a radio frequency ion source (Veeco RF source), which gave a collimated beam of 3 cm diameter, at a base pressure of 3 Â 10 À7 mbar. 1 keV Ar ions have been used for erosion. The constant ion flux of 2.4 Â 10 15 ions cm À2 s À1 has been used for all the samples. Fluence at the sample was calculated by taking the beam-current value from the power supply and assuming a uniform cross-section of 3 cm diameter for the beam. As a result, there could be a large error in the absolute value of the fluence. However, since the beam current was very stable (61%), error bar on the relative fluences of different samples was of the same order. Commercially available pure quality (99.99%) sputter targets of Fe of 100 mm Â 100 mm have been used as the source for the metal incorporation. The schematic of the geometry used is shown in Figure 1 . One part of the beam irradiated the Si substrate at normal incidence while the other part simultaneously irradiated the Fe target kept at an oblique angle of 45 adjacent to the Si. Surface morphology of the irradiated samples was analyzed by means of AFM using Digital Instruments (ModelNanoscope-E) in contact mode. From the AFM images, power spectral density (PSD) functions were extracted using the software Gwyddion. 41 Additionally, Rutherford backscattering spectrometry (RBS) was used to find out the concentration of Fe atoms in the near surface region. The RBS measurements have been performed at IGCAR, Kalpakkam, using a beam of 2MeV He þ ions and the data have been analyzed using SIMNRA code. 42 GISAXS measurements were performed in order to elucidate the morphological changes with varying ion fluence at the sample using a micro beam at MiNaXS/P03 beam line (PETRA III, DESY). [43] [44] [45] The energy of the beam used was 11.4 keV with a beam size of 22 Â 18 lm. The data have been extracted using the program DPDAK. 16 ions cm À2 a smooth surface with a partially anisotropic structure has been observed. With increasing ion fluence, anisotropy in the structure starts to develop. The well pronounced ripple structure starts to form at or above the ion fluence value of 2.4 Â 10 17 ions cm
À2
. In the FFT, the two well separated intense lobes located about the high intensity zero-frequency signal shows the presence of anisotropic rippled surfaces. The direction of the lobes indicates the direction of the ripple wave vector. From the position of the lobes, one can calculate the wavelength of the ripples. The ripple wave vector is found to be oriented along the direction of Fe flow. For more statistical analysis, PSD functions have been calculated. PSD provides the spectrum of spatial frequencies of the surface. Mathematically, it is the square of the fast Fourier transform performed and it can be written as, 47, 48 PSD f x ; f y ðÞ ¼ lim
where h(x, y) defines the surface height and f x and f y represent the spatial frequencies, and L denotes the length of the scan area. But for anisotropic surfaces one dimensional power spectral density (1D-PSD) is preferred. In our case, ID-PSD 41 has been plotted by considering the dominant frequencies in a direction along the ripple wave vector and the corresponding logarithmic plot is shown in Figure 3 .
In Figure 3 , the large peak in the ID-PSD corresponds to the average wavelength of the ripples. It is clear that at low ion fluence values no pronounced peaks corresponding to the periodic structures are present. Further increase in the ion fluence leads generation of broad peak in the PSD, showing the presence of correlated structures and multiple peaks with a well defined width for higher ion fluence values indicating the presence of ordered structures with large correlation length.
In order to obtain a better information about the concentration of Fe (C Fe ), RBS measurements have been done (Figure 4(a) ). The RBS spectra reveal the presence of Fe and implanted Ar ions in the surface region (inset of Figure  4(a) ). To fit RBS data, we have considered layer with different concentrations of Fe and Si. Overall concentration of iron in the surface region as obtained from RBS measurements is 25% for fully developed rippled sample. For the low ion fluence values, the C Fe is initially found to be less, and it increases for further increase in the ion fluence. At around a value of 5.8 Â 10 17 ions cm
, the C Fe reaches at a maximum value and saturates for higher fluence. At this region, well ordered ripples were formed (Figure 2) . The saturation of the C Fe indicates that Fe atoms lie on the surface. There are also theoretical predictions for the need of critical flux values for the pattern formation. 49 XPS measurements performed on one of the sample irradiated with higher ion fluence (5.8 Â 10 17 ions cm
) reveal the formation of iron silicide. The XPS spectrum of a representative sample measured at Fe 2p region is shown in Figure 4(b) . A small positive shift of around 0.4 eV from the elemental Fe value has been observed for 2p 3=2 level indicating the presence of iron silicide. 50 As mentioned earlier, there are many theoretical models on the role of impurities on the pattern formation. Following Zhang et al., 35 initially a thin metal silicide film is formed at the Si surface. As a result of further ion irradiation, phase separation takes place at the surface resulting in metal rich and metal depleted silicide. The Fe rich silicide can form either nanodots or nanoripples, depending upon the angle of incidence of the bombarding ions. Subsequently, a different sputtering rate of Fe rich and Fe depleted regions results in pattern formation at the surface. Zhou et al. 36 also suggest that a phase separation occurs at the surface. On the other hand, Bradley et al. have further extended his theory to explain the impurity assisted nanopattern formation. 34 According to this theory, nanopattern formation and phase separation should proceed simultaneously. Shenoy et al. 33 proposed a model to describe sputtering of alloy surfaces, which describes the evolution of both surface height and composition. All these models strongly predict the major role of the silicide formation on the pattern formation, but differ in the timescale of silicide formation.
In order to differentiate between models proposed for impurity assisted pattern formation, it is crucial to determine whether phase separation precedes the ripple formation or the two processes occur concurrently. GISAXS is a very suitable method to clarify this point. AFM measurements performed on these samples provided the information about the development of surface topography with the ion fluence. On the other hand, GISAXS measurement will probe the lateral variations of the electron density, so GISAXS will be sensitive to surface topography as well as to any phase separation occurring in the surface region. Figures 5(a)-5(f) show the 2D GISAXS images taken for the same samples. The vertically elongated side peaks observed around the central intense peak are due to the periodic and correlated nature of the samples. One can calculate the real space distance between the correlated structures using the expression, K ¼ 2p/q y . The corresponding line profiles along q y direction for a fixed q z value corresponding to the Yoneda region 51 (maximum scattering intensity region when the scattering angle of the scattered beam is close to critical angle) for all samples are shown in Figure 6 . The width of the peak is narrowed with increasing ion fluence values, which shows the formation of highly correlated structures. Slight difference in the intensities of the side peaks for positive and negative q y values is due to the asymmetric nature of the pattern. 52 The lack of broadening around the intense center peak for low ion fluence values indicates the absence of any kind of formation of large scale corrugations in a direction along the ripple wave vector as predicted. 53, 54 One can see the broadening around the center peak for higher fluence values. This indicates the formation of large scale structures of the order of a few hundreds of nanometers along with the ripple structures. One can see that, as the ripple structure develops, the intensity of the sidebands at q y values corresponding to the ripple wavelength increases indicating the growth of the ripples and increased ordering of the samples.
In general, GISAXS intensity depends upon many factors like wavelength of the x-rays, angle of incidence of the x-ray on the sample, etc. In the present case, since from sample to sample all the factors are kept identical, the intensity of the sidebands will be proportional to the electron density contrast in a direction normal to the direction of x-ray propagation. Furthermore, close to the critical angle of incidence, the penetration depth of x-rays in the sample is around 4 nm. Therefore, the intensity of sidebands will depend up on the electron density contrast averaged over a depth of 4 nm. The electron density contrast can develop due to phase separation in the surface region, or due to formation of ripples or due to both of them. A rough estimate of the electron density contrast due to the above factors can be made as follows: (i) From the analysis of RBS data, one finds that Fe is present up to a depth of 5.5 nm, and in this region overall Fe concentration is 25 at. %. If one assumes a perfect phase separation in the surface region, the two regions will consist of pure Si and Si-50 at. %Fe. Accordingly, the electron densities of the two regions are 6.92 Â 10 23 electrons cm À3 and 1.52 Â 10 24 electrons cm
À3
and thus a contrast of 55%.
(ii) In case ripple formation accompanies the phase separation, the two regions will consist of air and Si-50 at. %Fe. Thus, in fully developed ripple structure which has a modulation depth of 2.5 nm, electron density contrast will be 100%. Below this depth, the contrast will be only due to phase separation ( Figure 7) . Therefore, electron density contrast averaged over penetration depth of x-rays (4 nm) will be $83%. Thus, the electron density contrast in the two cases is comparable, and intensity of side-bands is equally sensitive to the two possibilities. On the other hand, AFM gives only information about the ripple formation. Thus, the two techniques together can differentiate between the above two possibilities. Figure 8 gives the height of the sidebands in the GISAXS patterns as a function of ion fluence. For a comparison, the intensity of the side bands as obtained from the power spectral density of AFM patterns is also plotted. While the intensity of the peak in the PSD of the AFM will be proportional to the amplitude of the surface ripples only, the intensity of the sidebands in GISAXS depends upon height of the ripples as well as any phase separation in the iron silicide layer in the surface. In Figure 8 , one can see that the fluence dependence of both intensities is identical. Comparative AFM and GISAXS (at ELETTRA, Italy) measurements performed on another set of similar samples also got the similar behavior ( Figure 9 ). This provides clear evidence that phase separation does not precede the ripple formation rather it concurrently develops along with the ripple structure. This observation contradicts some model where phase separation is expected to occur first and subsequently due to the variation in Fe concentration, ripple patterns develops. Present work supports the models proposed by Bradley et al. 34 and Shenoy et al.
33
where phase separation and ripple formation occur concurrently. 
IV. CONCLUSION
In summary, the well-ordered nanorippled Si substrates have been prepared by normal incidence ion beam sputtering with simultaneous incorporation of Fe atoms. Ordering of the nanoripples is found to be increasing with increasing values of ion fluence. Comparative analysis of AFM and GISAXS has shown that phase separation of the metal silicide formed during the erosion does not precede the ripple formation rather it concurrently develops along with the ripple structure. Our experimental observations can provide an insight for the future theoretical developments, which should consider the very early developmental stages of pattern formation in details.
